Campbell Penetration Depth of a Superconductor in the Critical State 
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The magnetic penetration depth X(T,H,j) was measured in the presence of a slowly relaxing 
supercurrent, j. In single crystal Bi2Sr2CaCu20s below approximately 25 K, \(T,H,j) is strongly 
hysteretic. We propose that the irreversibility arises from a shift of the vortex position within its 
pinning well as j changes. The Campbell length depends upon the ratio j/j c where j c is the critical 
current defined through the Labusch parameter. Similar effects were observed in other cuprates and 
in an organic superconductor. 



Many measurements have shown that the character of 
vortex pinning in BSCCO changes qualitatively in re- 
gion of 20 - 30 K |, | |, H §, | §. The second 
magnetization peak disappears and the critical current 
increases sharply. The Larkin pinning length || be- 
comes comparable to the interplanar spacing implying 
that vortex pancakes are pinned individually (0 — D pin- 
ning) rather than as components of an elastic string. In 
this region the ac susceptibility measured in a zero-field 
cooled (ZFC) sample differs markedly from that obtained 
in a field cooled (FC) sample ||. ZFC samples repre- 
sent a nonequilibrium flux profile and the small signal 
response of such a system is not fully understood || jio) . 
In this paper we report measurements of the penetration 
depth in both FC and ZFC samples. Our measurements 
show strong hysteresis and memory effects but are not 
in the limit of strong driving fields where the ac field 
itself can induce new vortex phases 1 1 . We propose 



that the hysteretic ZFC response can be understood as 
a generalized Campbell penetration depth Xc(B,T, j) 
that depends upon the slowly relaxing supercurrent j 
as well as the curvature of the pinning potential as pa- 
rameterized by j c . We compare data in Bi2Si'2CaCu20s 
(BSCCO, T c ~ 92 K) to measurements in electron-doped 
Pri. 85 Ceo.i 5 Cu04 (PCCO, T c ~ 24 K), an organic super- 
conductor P" - (ET) 2 SF 5 CH 2 CF 2 S0 3 (/3"-ET, T c ~ 5 
K) Jl| and Nb (T c ~ 9.3 K). The penetration depth 
was measured with an 11 MHz tunnel-diode driven LC 
resonator |l3|, Q mounted in a 3 He refrigerator. An 
external dc magnetic field (0 — 7 kOe) was applied par- 
allel to the ac field (~ 5 mOe). The oscillator frequency 
shift A/ = /(T) — f(T m i n ) is proportional to the ac sus- 
ceptibility and, therefore, to the change in penetration 
depth, AA = X(B, T) - X(B, T mvn ) via A/ = -GAA, 
where G is a calibration constant Jl^, For an ac 

magnetic field along the c-axis, only ab-plane rf screen- 
ing currents are excited. Although this results in a much 
smaller ac Lorentz force on vortices, it removes complica- 
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1: Experiment 1: 



BSCCO crystal ZFC to 
Signal followed curve 1 



260 Oe applied 
Experiment 2: BSCCO crystal ZFC to 12 K and H, 



1.5 K and 
^2^3. 
260 



Oe applied. Sample was then cooled and warmed following 
the path 4^5^4^2— *3. Right axis shows current 
density estimated from the irreversible magnetization. 



tions from interplane currents. The absence of c-axis cur- 
rents is demonstrated by the zero field data in BSCCO. 
We obtain a linear change cLXl/oIT « 11 A/K in good 
agreement with earlier measurements and indicative of 
a d— wave superconductor (l^, [l6[ |l7]]. Any significant 
tilt of the ac field would generate c-axis currents and 
give a much larger value of dXhjolT. The total pene- 
tration depth in the mixed state is A 2 = X\ + \ 2 vortex 
where A^ is the London penetration depth and X vortex 
the contribution from vortex motion. A comprehensive 
expression for X vortex has been derived by several au- 
thors |2^, ^3|. At low temperatures and frequen- 
cies well below the pinning frequency (of order GHz in 
cuprates), X vor tex reduces to the Campbell pinning pen- 
etration depth Ap = tpoB/Ana (ll|. Here <fio is the flux 
quantum and a is the Labusch parameter pCf] . Our mea- 
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FIG. 2: FC and ZFC frequency shift (proportional to pene- 
tration depth) in single crystals of PCCO, /3"-ET, and poly- 
crystalline Nb. 



surements give a > 10 3 dyne/cm 2 for temperatures be- 
low 25 K, so the maximum vortex excursion due to the 
ac current is less than 5 A. This value is well within the 
range of individual pinning wells (of order a coherence 
length or more), justifying our assumption of small os- 
cillations. Fig. presents X(B,T) for a BSCCO single 
crystal as the temperature was cycled. After zero field 
cooling (ZFC) to 1.5 K, the dc field was ramped from 



0^—7 kOe — > 260 Oe. This procedure ensured that 
the entire sample was filled with vortices, but nonuni- 
formly. The sample was then warmed (1 — > 2) during 
which A first decreased then increased again. (Neglect- 
ing the initial ramp to —7 kOe yields nearly the same 
curve but with a weak maximum near 2 K which may 
come from portions of the sample where no vortices exist 
and thus screen more efficiently). During this phase of 
the cycle j relaxes as the flux distribution becomes more 
uniform. On the same plot we show the screening cur- 
rent j measured on the same sample, in the same field in 
a SQUID magnetometer, j was determined from the ir- 
reversible component of magnetization and applying the 
Bean model, j measured in this way is considerably dif- 
ferent from j c owing to strong flux creep in the cuprates. 
Once the temperature exceeds Ti rr ~ 25 — 30 K, j relaxes 
more rapidly and the flux profile becomes uniform. Sub- 
sequent cooling and warming traces (2 — > 3 — * 2) were 
perfectly reversible and represent the penetration depth 
of a uniform flux profile. This reversible curve was iden- 
tical to that obtained in a field-cooled (FC) experiment 
and we refer to them interchangeably. The hysteresis be- 
tween points 1 and 3 in Fig. [j] corresponds to a change 
in rf magnetization of < 10 -7 emu, which is at the de- 
tectability limit of commercial magnetometers. 

In Fig. p| we show similar measurements in the electron- 
doped cuprate PCCO (7 = 30 — 80), an organic supercon- 
ductor (3"-ET (7 = 400 - 800) and polycrystalline 
Nb (7 = 1). Together with BSCCO (7 = 300 - 400), 
these materials span a wide range in transition temper- 
ature and anisotropy 7. All three anisotropic super- 
conductors show nonmonotonic ZFC temperature depen- 
dence, represented by the top curve in each panel. By 
contrast, in Nb and in YBCO (also measured but not 
shown, 7 = 6 — 8) X(ZFC) always increases monoton- 
ically with temperature. Returning to Fig. [I], although 
the pinning changes dramatically near 25 K, the change 
in the penetration depth is observable only in the ZFC 
curve. The FC curve is perfectly smooth. Goffman et al. 
H reported measurements of the transverse susceptibil- 
ity (ac field along the ab - plane) at very low frequencies 
that did show a sharp increase in screening below 22 K. 
This feature disappeared at kHz frequencies |3) , which is 
consistent with our data at 11 MHz. We now focus on 
the ZFC behavior. Fig. || shows the time dependence of 
various quantities. The topmost curve shows A when the 
sample field was cooled to 2 K in Hd c — 500 Oe. Re- 
laxation is negligible. When the sample was zero-field 
cooled and then 500 Oe applied, A and j showed loga- 
rithmic relaxation. This correspondence suggests that in 
a ZFC state, the penetration depth should have a direct 
functional relationship to j. This is confirmed in Fig. |] 
where we compare A measured at the same final value 
of field but with two entirely different flux profiles. The 
solid symbols correspond to the initial application (at 
1.5 K) of a —7 kOe magnetizing field, as before, while 
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FIG. 3: Time- logarithmic relaxation of the ac penetration 
depth after application of a 500 Oe magnetic field at 2 K 
(lower curve) and after FC in 500 Oe (upper curve). Right 
axis refers to the relaxation of the current j obtained from 
the magnetization measurements. 



the open symbols correspond to a +7 kOe magnetizing 
field. Both fields were then returned to H = +260 Oe be- 
fore the temperature sweep began. The distribution of B 
throughout the sample was entirely different for these two 
starting conditions, as shown schematically. However, 
within a critical state picture, the magnitude of dB/dx 
and thus j remains the same for these two distributions. 
The fact that A vs. T was unchanged for the two start- 
ing conditions is strong evidence that j and not B is the 
determinant of the penetration depth in the nonuniform 
state. Some implicit dependence of the Labusch constant 
upon B could account for minor differences between the 
curves at higher temperatures. Based on these results, 
we propose the following model for Xc(B,T,j) in a su- 
perconductor with a non-uniform flux profile. The super- 
current j biases vortices away from equilibrium through 
the Lorentz force, Fl — j x <po/c. The Campbell depth 
is then determined by the curvature of the pinning po- 
tential well at the biased position. For a pinning po- 
tential, V (r), the vortex displacement, ro, is found from 
dV/dr = Fl . The maximum force determines the critical 
current, j c — caor p /4>o, attained at the range of the pin- 
ning potential r p . The effective Labusch constant a (j) is 
then determined from a(j) = d 2 V/dr 2 \ r _ r . For exam- 
ple, consider the form V(x) = ao(T)x 2 (1 — x/3) /2, for 
which the volume pinning force saturates. Here x = r/r p 
is a dimensionlcss vortex displacement. This potential 
has been used to analyze the quantum tunneling of vor- 
tices [^4] . The supercurrent j biases the vortex segment 
to a new position xq = 1 — yj\ — j/j c where the local cur- 
vature is a(j) — — j/jc- The change in curvature 
produces a j dependence to the Campbell depth: 
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FIG. 4: Comparison of AA(T) for flux entry and exit. Closed 
symbols: magnetic field was ramped up from —7 kOe to 
+260 Oe (flux entry). Open symbols: field was ramped 
down from +7 kOe to +260 Oe (flux exit) and the sample 
was warmed-then-cooled. Schematics shows the correspond- 
ing profiles of vortex density. 



The model predicts that X C {ZFC) > X C {FC) since j = 
in the FC case. This conclusion remains true for other 
pinning potentials such as V (x) = ccqx 2 (l — x 2 /6) /2 
||. As Fig. | shows, Xc(ZFC) > X C {FC) in all mate- 
rials studied. The model also predicts that j/j c , and not 
B explicitly, determines the nonequilibrium component 
of the penetration depth, as shown in Fig. |^. Rodriguez 
et at H have previously reported a difference in the ac 
susceptiblity between FC and ZFC samples of BSCCO. 
Their data look similar to ours, although they observed 
hysteresis only when the ac field was parallel to the con- 
ducting planes, inducing both ab-plane and c-axis cur- 
rents. They also worked at considerably larger ac field 
amplitudes. They attributed the nonmonotonic ZFC 
curve to a c-axis critical current that was non-monotonic 
with temperature in the critical state. This effect pre- 
sumably occurs only in highly anisotropic materials like 
BSCCO. We found nonmonotonic ZFC curves only in 
the highly anisotropic materials studied (BSCCO, PCCO 
and /3"-ET) so two dimensionality clearly is important as 
those authors emphasize. However, our model involves no 
c-axis currents and shows that the current biasing effect 
predicts Xc(ZFC) > Xc(FC) as observed. The precise 
shape of the ZFC curve depends upon how rapidly j re- 
laxes during the sweep and the thermal history of the 
sample, so it is not a basic property of the supercon- 
ductor. For example, in Fig. [j], if we ZFC only to 12 K 
instead of 1.5 K, the maximum in A occurs at point 4, i.e., 
the lowest temperature achieved on the initial cooldown. 
We then trace the path 4^5^4^2^3. Despite 
being in a nonequilibrium state, the system retains per- 
fect memory in its passage from point 4 to 5 and back to 
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FIG. 5: Experimentally determined Ac (j/jc) /Ac(0) for 
BSCCO single crystal 



4. 

In principle the j/j c dependence of Xc(B,T, j) al- 
lows one to determine the shape of the pinning poten- 
tial. With X L (0) « 2690 A, determined from our ear- 



lier measurements 
X c (B,T,j). Fig. 



L7| we obtain total penetration depth 
jshows Xc{j/jc) for BSCCO taken 
from data points at different temperatures and thus dif- 
ferent values of j/j c - jc is obtained from force balance, 
4irj c /c = Br p /X 2 c (0) with r p = 30 A where X c (j = 0) 
is obtained from the FC data. Up to j/j c — 0.2 the data 
fits Eq.(l) rather well, but at higher values of j/j c the 
dependence is much weaker, closer to \J j/j c - The larger 
values of j/j c correspond to lower temperature points, 
deep inside the 0D pinning region. There is no explicit 
form for the pinning potential is this glassy phase and in 
fact this experiment may be the first attempt to measure 
it. Interestingly, the observed y/j/j c behavior follows 
from a nonanalytic pinning potential V(x) oc a; 3 / 2 but 
we have no theoretical justification for this form. In con- 
clusion, we propose a current biasing effect to explain 
the difference between FC and ZFC measurements of the 
Campbell penetration depth in a variety of superconduc- 
tors. The supercurrent j biases vortices to a new po- 
sition in the pinning potential and the Campbell depth 
measures the local curvature, which depends upon j/j c . 
This effect may be used to probe the shape of the vortex 
pinning potential. 

Acknowledgements: We thank V. Geshkenbein, 
A. Koshelev, V. Vinokur, and J. R. Clem for useful 
discussions. Work at UIUC was supported by NSF 
DMR 0I0I872. Work at USC was supported by the 
NSF/EPSCoR under Grant No. EPS-0296f65. Work 
at UT The Grant-in-Aid for Scientific Research from 
the Ministry of Education, Culture, Sports, Science, and 
Technology. Research at Argonne was supported by 



[1] 
[2] 

[3. 

[4; 

[5 
[6 

[-: 

[8 
[9 
[10 

[11 

[12 
[13 

[14; 
[is; 

[16 
[17 

[is; 

[19 

[20 
[21 

[22 
[23 

[24 
[25 



M. Nidersot, A. Suter, P. Visani, A.C. Mota, G. Blatter, 
Phys. Rev. B 53, 9286 (1996). 

B. Khaykovich, D. T. Fuchs, K. Teitelbaum, Y. Myasoe- 
dov, E. Zeldov, T. Tamegai, S. Ooi, M. Konczykowski, R. 
A. Doyle, S. F. W. R. Rycroft, Phys. Rev. B 61, R9261 
(2000). 

M. F. Goffman, J. A. Herbsommer, F. de la Cruz, T. W. 

Li and P. H. Kes, Phys. Rev. B 57, 3663 (1998). 

V. F. Correa, J. A. Herbsommer, E. E. Kaul, F. de la 

Cruz, and G. Nieva, Phys. Rev. B 63, 092502 (2001). 

E. Rodriguez, M. F. Goffman, A. Arribere, and F. de 

la Cruz, L. F. Schneemeyer, Phys. Rev. Lett. 71, 3375 

(1993). 

C. D. Dewhurst and R. A. Doyle, Phys. Rev. B 56, 10832 
(1997). 

T. Tamegai, Y. Iye, I. Oguro, K. Kishio, Physica C 213, 
33 (1993). 

A. I. Larkin and Yu. N. Ovchinnikov, J. Low Temp. Phys. 
21, 409 (1979). 

V. B. Geshkenbein, M.V. Feigel'man, V.M. Vinokur, 
Physica C 185-189, 2511 (1991). 

A. Gurevich and E. H. Brandt, Phys. Rev. B 55, 12706 
(1997). 

S. N. Gordeev, P. A. J. de Groot, M. Oussena, A. V. 
Volkozub, S. Pinfold, R. Langan, R. Gagnon, L. Taillefer, 
Nature 385, 324 (1997). 

U. Geiser, J. A. Schlueter, H. H. Wang et al, J. Am. 
Chem. Soc. 118, 9996 (1996). 

C. T. Van Degrift, Rev. Sci. Inst. 46, 599 (1975); A. Car- 
rington, R. W. Giannetta, J. T. Kim, and J. Giapintzakis, 
Phys. Rev. B 59, R14173 (1999). 

R. Prozorov, R. W. Giannetta, A. Carrington, F. M. 

Araujo-Moreira, Phys. Rev. B 62, 115 (2000). 

T. Jacobs and S. Sridhar, Qiang Li, G. D. Gu, N. 

Koshizuka, Phys. Rev. Lett. 75, 4516 (1995). 

T. Shibauchi, N. Katase, T. Tamegai, K. Uchinokura, 

Physica C 264, 227 (1996). 

R. Prozorov, R. W. Giannetta, A. Carrington, P. 
Fournier, R. L. Greene, P. Guptasarma, D. G. Hinks, 
A. R. Banks, Appl. Phys. Lett. 77, 4202 (2000). 
R. Prozorov, R. W. Giannetta, J. Schlueter, A. M. Kini, 
J. Mohtasham, R. W. Winter, G. L. Gard, Phys. Rev. B 
63, 052506 (2001). 

A. M. Campbell, J. Phys. C 2, 1492 (1969), J. Phys. C 
4, 3186 (1971). 

R. Labusch, Phys. Rev. 170, 470 (1968). 

M. W. Coffey and J. R. Clem, Phys. Rev. Lett. 67, 386 

(1991). 

E. H. Brandt, Phys. Rev. Lett. 67, 2219 (1991). 

C. J. van der Beek, V. B. Geshkenbein, V. M. Vinokur, 

Phys. Rev. B 48, 3393 (1993). 

C. M. Smith et al., Czech. J. Phys. 46 (S3), 1739 (1996). 
K. Yamafuji, T. Fujiyoshi, K. Toko, T. Matsuno, K. 
Kishio, T. Matsushita, Physica C 212, 424 (1993). 



